-release (CICR) was originally described for excitationcontraction coupling in cardiac myocytes (Fabiato and Fabiato 1975) and is the process by which a transient elevation of the intracellular Ca 2+ concentration ([Ca 2+ ] i ) is amplified by the activation of ryanodine receptors (RyR) on the sarcoplasmic reticulum. RyR are also expressed in nervous tissue (Furuichi et al. 1994; Lai et al. 1992; Lokuta et al. 2002; McPherson et al. 1991) and RyR-mediated CICR from the endoplasmic reticulum (ER) has been described for neurons (Friel and Tsien 1992; Kuba 1980; Shmigol et al. 1995; Thayer et al. 1988; Usachev et al. 1993; Usachev and Thayer 1997) . Indeed, RyRmediated CICR regulates numerous neuronal processes, including synaptic plasticity (Kohda et al. 1995) , neurotransmitter release and exocytosis (Peng 1996; Smith and Cunnane 1996) , and differentiation and neurite outgrowth (Gomez et al. 1995; Holliday et al. 1991) .
The openings of RyRs in response to Ca 2+ are normally uncoordinated events, limited temporally and spatially (Bootman et al. 2001) . These elemental events however have the potential to transform small, graded Ca 2+ increases into regenerative responses by the subsequent recruitment and synchronization of Ca 2+ release (Berridge 1998; Usachev and Thayer 1999b) . In sensory neurons regenerative CICR occurs after [Ca 2+ ] i reaches a specific threshold, at which point Ca 2+ release no longer depends on Ca 2+ influx (Usachev and Thayer 1997) . Indeed, when RyR are sensitized, regenerative CICR will establish stable oscillations in [Ca 2+ ] i (Friel 1995; Usachev and Thayer 1999b) . Ca 2+ regulatory processes operate interdependently to control the fidelity of information encoded in the Ca 2+ signal (Berridge 1998; Thayer et al. 2002) . CICR is (Usachev and Thayer 1999b) . Mitochondria might be expected to exert a strong influence on ER Ca 2+ signals because of their close proximity to the ER (Rizzuto et al. 1998) , their large capacity for Ca 2+ (Werth and Thayer 1994) , and their production of ATP (Hajnoczky et al. 1995; Nicholls and Budd 2000) .
In this report, we studied CICR oscillations to determine how CICR is influenced by Ca 2+ regulatory processes. We found that modulating the sensitivity of RyR to [Ca 2+ ] i or modulating cellular Ca 
Methods
Cell culture. Rat dorsal root ganglion (DRG) neurons were grown in primary culture as described previously (Thayer and Miller 1990) . In brief, 1-to 3-day-old Sprague-Dawley rats were killed by decapitation with sharp scissors under a protocol approved by the University of Minnesota Institutional Animal Care and Use Committee. Ganglia were dissected from the thoracic and lumbar regions, incubated at 37°C in collagenase-dispase (V. alginolyticus/ B. Polymyxa; 0.8 and 6.4 U/ml, respectively; Roche Diagnostics, Indianapolis, IN) for 45 min, dissociated by trituration through a flame-constricted pipette and then plated onto laminin-coated (50 mg/ml) glass coverslips (25 mm diameter). Cells were grown in Ham's F12 medium supplemented with 5% heatinactivated horse serum, 50 ng/ml NGF-7S (mouse submaxillary gland; Sigma), 4.4 mM glucose, 2 mM L-glutamine, modified Eagle's medium vitamins, and penicillinstreptomycin (100 U/ml and 100 mg/ml, respectively). Cultures were maintained at 37°C in a humidified atmosphere of 5% CO 2 . Cells were used on the second and third day in vitro.
Microfluorometric recording of [Ca 2+ ] i . [Ca 2+ ] i was recorded from cultured rat DRG neurons using indo-1 or mag-indo-1 based microfluorometry (Grynkiewicz et al. 1985) .
Cells were loaded with 2 µM indo-1 acetoxymethyl ester (AM) for 45 min at 22°C in HEPES-buffered Hanks salt solution (HHSS) containing 0.5% bovine serum albumin or with mag-indo-1 AM at a concentration of 7.5 µM in 0.02% Pluronic F-127 at 37°C for 30 min. The cells were washed for 30 min in dye-free HHSS at 37°C before initiating Page 5 of 49 6 recording. HHSS was composed of the following: 20 mM HEPES, 137 mM NaCl, 1.3 mM CaCl 2 , 0.4 mM MgSO 4 , 0.5 mM MgCl 2 , 5.0 mM KCl, 0.4 mM KH 2 PO 4 , 0.6 mM Na 2 HPO 4 , 3.0 mM NaHCO 3 and 5.6 mM glucose. Cells were rinsed in HHSS and the indicator allowed to de-esterify for 10 min prior to start of experiment. Cells were placed in a flow-through chamber (Thayer and Miller 1990) (10 s solution exchange) that was mounted on the stage of an inverted epi-fluorescence microscope (Nikon) equipped with a 70x objective (NA 1.15). Experiments were performed at room temperature (22°C).
The dye was excited at 350 nm (10 nm bandpass), and emission was detected at 405 (20) and 490 (20) nm. Fluorescence was monitored by a pair of photomultiplier tubes (Thorn, EMI, Fairfield, NJ) operating in photon-counting mode. The output signals were then passed through a frequency to voltage converter and digitized using a Digidata 1322a A/D Converter (Axon Instruments, Foster City, CA). Data were stored and analyzed on a personal computer.
Fluorescence changes were converted to [Ca 2+ ] i by using the formula [Ca 2+ ] i = K d (R -R min )/(R max -R), where R is 405/490 nm fluorescence ratio (Grynkiewicz et al. 1985) . The dissociation constant (K d ) for indo-1 was 250 nM and was the ratio of fluorescence emitted at 490 nm and measured in the absence and presence of Ca ). Values for R min , R max , and were 0.4, 3.65, and 3.34, respectively. After completion of each experiment, cells were wiped from the microscope field using a cotton-tipped applicator. Background light levels were determined at each wavelength (approximately 5% of cell counts) and subtracted prior to calculating ratios. Potential cytoplasmic contamination with Mag-indo-1 prevented us To evoke action potentials in intact neurons, extracellular field stimulation was used (Piser et al. 1994) . Exponential functions were fitted to the data using a nonlinear, leastsquares curve fitting algorithm (Origin 4.1 software; OriginLab, Northampton, MA) (Usachev et al. 2006) . Data are presented as mean ± SEM.
Simultaneous whole-cell patch-clamp and microfluorimetric recording. Electrical measurements and [Ca 2+ ] i were recorded from cultured rat DRG neurons by using the whole-cell patch-clamp technique (Hamill et al. 1981) in combination with indo-1-based microfluorimetry. Microfluorimetry was performed as described above. Indo-1 (50 µM) was loaded into the cells via the patch pipette. Patch-clamp data were acquired using an Axopatch 200A amplifier. Both the patch clamp and the optical signals were digitized using a Digidata 1322a A/D converter, stored on a personal computer and analyzed with pClamp 9.0 (Axon Instruments, Foster City, CA). Patch pipettes were pulled from borosilicate glass (2-4 M ; Narishige, Tokyo, Japan) on a Sutter Instruments (Novato, CA) P-87 micropipette puller and filled with the following solution (in mM): potassium gluconate 125, KCl 10, Mg-ATP 3, MgCl 2 1, HEPES 10, indo-1 0.05, pH 7.25 with KOH, 290 mOsm/kg with sucrose. Extracellular recording solution contained (in mM): NaCl 140, KCl 5, CaCl 2 2, MgCl 2 1, HEPES 10, glucose 10, pH 7.35 with NaOH, 310 mOsm/kg with sucrose. Background light levels were collected in the cell-attached configuration and subtracted prior to calculating the ratios. Data are presented as mean ± SEM. Fluorescence intensities were converted to [Ca 2+ ] i as described above. Reagents. Indo-1, Mag-Indo-1, X-rhod-1, and Mag-Fluo-4 were obtained from Invitrogen (Carlsbad, CA). All other reagents were purchased from Sigma (St. Louis, MO).
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RESULTS
CICR Oscillations in Rat Dorsal Root Ganglia Neurons
We have previously identified a regenerative form of CICR in rat dorsal root ganglia (DRG) neurons in culture that is due to Ca 2+ release from ryanodine-sensitive stores (Usachev and Thayer 1997) . A small proportion (<5%) of these neurons display [Ca 2+ ] i oscillations in the presence of caffeine (5 mM) and Ca 2+ influx (Usachev and Thayer 1999a) . Supplementing the culture medium with NGF (50 ng/mL; n=5), BDNF (50 ng/mL; n=4), or GDNF (50 ng/mL; n=4) did not increase the proportion of oscillating neurons. Here we employed CICR oscillations to examine the interplay between various Ca 2+ regulatory processes in single DRG neurons in primary culture. [Ca 2+ ] i was recorded from medium to large DRG neurons (38-65 µm diameter) using Indo-1-based microfluorimetry (Werth et al. 1996) . CICR oscillations depended on both Ca oscillations. These oscillations were remarkably stable and could last several hours in the maintained presence of these agents.
Oscillations were analyzed for changes in amplitude, width, and frequency. The mean amplitude for a [Ca 2+ ] i spike was 177 ± 6 nM, the mean frequency was 1.5 ± 0.3 spikes/min, and the mean width was 24 ± 1 s (n=209). Cells capable of regenerative (Fig. 1) .
We further characterized this system, testing whether oscillations could be modulated by factors influencing both influx and the release of Ca 2+ from the ER. In Figure 1B we show that bath application of 100 nM ryanodine, an antagonist of the ryanodine receptor, terminated Ca 2+ oscillations (n=4). Oscillations did not resume following washout of ryanodine.
The ryanodine receptor is sensitive to caffeine (Zucchi and Ronca-Testoni 1997) .
Consistent with this observation caffeine concentration modulated CICR oscillations (Fig. 1C) . Decreasing caffeine concentration from 5 to 2.5 millimolar decreased oscillation frequency by 36 ± 11% (P<0.0001; n=16) and increased inter-spike interval by 57 ± 12% (P<0.001; n=16). Decreasing caffeine concentration increased peak width by 83 ± 14% (P<0.001; n=16). Bath application of cyclopiazonic acid (CPA; 100 nM), a Figure 1E we show that reducing extracellular [Ca 2+ ] from 1.26 to 0.25 mM (a 1:5 dilution) decreased oscillation frequency by 44 ± 14% (P<0.01; n=8). Oligomycin B and FCCP applied together stopped oscillations (n=3; data not shown).
The slowed oscillation frequency produced by Oligomycin B suggests that mitochondrially generated ATP regulates CICR oscillations.
To determine the role of mitochondrially produced ATP directly, ATP concentration was held constant at 3 mM using the whole cell configuration of the patch clamp technique ( Previous work demonstrated that all-or-none CICR displayed a distinct threshold for activation (Usachev and Thayer 1997) . In this series of experiments, neurons previously identified as capable of oscillating were treated with 5 mM caffeine in HHSS. Ca ] i increase becomes supralinear as the threshold for regenerative CICR. In untreated neurons (Fig 3A and B) , this threshold for CICR Page 13 of 49 14 remained constant during repeated stimulation. The average threshold for the first three responses was 81 ± 4 nM, which was similar to the average of the last three responses (79 ± 4; n=8). Decreasing caffeine concentration from 5 to 2.5 mM increased the [Ca 2+ ] i threshold required to evoke a regenerative response (Fig. 3C-D) from 134 nM ± 13 to 151 ± 16 nM (P<0.05; n=9), consistent with the sensitization of the ryanodine receptors by caffeine (Usachev and Thayer 1997) . The increased threshold required a longer train of action potentials to trigger CICR (23 ± 7s to 108 ± 20s; P<0.001; n=9). Thus caffeine lowers the threshold [Ca 2+ ] required to evoke regenerative Ca 2+ release.
A potential mechanism by which inhibition of aerobic metabolism decreased oscillation frequency (Fig 2C) was by lowering the local ATP concentration and thus decreasing the sensitivity of the RyR to [Ca 2+ ] i . However, oligomycin B (1µM) did not significantly alter the threshold for CICR (Fig 3E-F) as measured by [Ca 2+ ] (87 ± 3 vs 89 ± 3 nM; n=10) or the time required to reach threshold (27 ±7 vs 30 ± 6 sec; n=10). ] i increases were elicited by extracellular field stimulation (4s, 2-6 Hz) every 4 min. In sensory neurons, these small calcium transients recover to basal levels by the combined processes of sequestration and efflux (Benham et al. 1992; Usachev et al. 2002) . Thus, in order to study PMCA function in isolation, SERCA-mediated Ca ] i responses were consistent in amplitude and rate of recovery. In Fig 4C normalized [Ca 2+ ] i transients from the recording in Fig. 4B were superimposed to demonstrate the reproducibility of the recovery rate. The mean recovery rate for the last 3 responses was 97 ± 11 % of the mean of the first three (n=8). As shown in Fig 4D and E, treatment with oligomycin B did not significantly decrease the rate of recovery. The mean recovery rate for the last 3 responses in the presence of 1 µM oligomycin B was 95 ± 10 % of the mean of the first 3 control responses (n=8). Thus, it appears that PMCA activity in sensory neurons does not depend upon mitochondrially derived ATP.
Plasma
Furthermore, our ability to evoke action potentials in the presence of oligomycin B suggests that other plasma membrane functions remained intact. Thus, with glucose Page 15 of 49 present in the bathing medium (5.6 mM), glycolysis supports plasma membrane ATPases in the presence of oligomycin.
Aerobically Derived ATP Regulates the Rate of ER Refilling
We next tested the hypothesis that sequestration of Ca Fig 5A) . Re-addition of Ca 2+ to the medium refilled the ER. The time constant ( ) for refilling was calculated by fitting the time course of the recovery to a monoexponential equation (Fig 5B) . The mean time constant for refilling was 152 ± 50 s (n=8). As shown in figure 5A (and superimposed in Fig 5B) , the ER could be repeatedly depleted and refilled, with the refilling rate reproducible for a given cell ( 2/ 1=0.75 ± 0.2; n=8). Even though the cells started with varied [Ca 2+ ] ER , the standard protocol employed here returned [Ca 2+ ] ER to reproducible levels. The amplitude of the second refilling returned to 86 ± 10% of the original (Fig 5E) . Application of oligomycin B (1 µM) before the second refilling significantly decreased the rate of refilling ( 2/ 1=2.2 ± 0.5; P<0.01; n=7). The modest decline in the total extent of refilling in oligomycintreated cells was not statistically significant. In Figure 5D traces of the first and second Page 16 of 49 phases of refilling (from Fig 5C) are superimposed on an expanded time scale to illustrate the slowed refilling in the presence of oligomycin B. These data are consistent with the hypothesis that mitochondrial derived ATP supports SERCA-mediated ER refilling and is responsible for the slowed CICR oscillations (Fig 2C) following the inhibition of aerobic ATP synthesis.
Mitochondrial Ca
2+
Buffering Creates Complex CICR Waveforms
In DRG neurons that oscillate, a small fraction display complex Ca ] i . Decreasing caffeine concentration, a treatment that increases peak width, increased the duration of the plateau and the number of spikes per cluster (Fig 6A) .
The underlying plateau phase is reminiscent of the marked mitochondrial Ca phenomena, these doublets appeared in 4 of 18 neurons treated with CGP37157 (Fig.   6B ). Furthermore, in neurons already displaying complex waveforms, CGP37157 returned oscillations to a normal (singlet) spiking pattern (n=3) (Fig. 6C) . These neurons displayed a graded decrease in plateau height during CGP37157 application.
Collectively, the experiments in Fig 6B and C suggest that adjusting Nohmi et al. 1983 ), yet the massive regenerative response described here would seem excessive for this type of membrane localized signaling. During axon outgrowth the growth cones of sensory neurons display ryanodine-sensitive [Ca 2+ ] i oscillations that appear to play a role in axon guidance (Gomez et al. 1995 ) yet, the responses described here were recorded from the soma. We did not observe prominent neurite outgrowth during the time frame that [Ca 2+ ] i oscillations were evoked. RyR-mediated Ca Oscillatory behavior was most prevalent in DRG neurons of medium to large diameter and in cells that were in culture less than 3 days. Large DRG cells relay lowthreshold mechanical and proprioceptive stimuli (Hendry et al. 1999 ). We have not linked regenerative CICR to this particular sensory modality other than to suggest that it may be a mechanism to enhance information transfer in large neurons. Cells with low surface to volume ratios may be more dependent on intracellular Ca We thought that the oscillations might serve as a useful assay to identify physiological agents that sensitize the RyR. However, we have not to date found physiological conditions that will substitute for caffeine. Other laboratories found that cyclic ADP ribose sensitizes the ER to [Ca 2+ ] i (Currie et al. 1992; Hua et al. 1994) although, we have not found conditions in which this agent affects CICR in DRG neurons (Usachev and Thayer 1997 (Pacher et al. 2002) .
Mitochondria play a complex role in neurons; they serve as a nexus where neuronal survival and death cues are integrated, provide a mechanism for local energy Rizzuto et al. 1998) . Mitochondria produce functional microdomains of ATP (Kennedy et al. 1999 ) consistent with the observation that local ATP levels change in regions close to the ER (Han et al. 1992) . In principle, glycolytically derived ATP should be sufficient to maintain these processes. However, Kaasik and colleagues demonstrated that mitochondrially derived ATP is more effective than exogenously added ATP in (Hajnoczky et al. 1995) . Thus, the ER and mitochondria communicate via Ca 2+ and energetic signals.
The plasma membrane Ca 2+ pumps were not dependent on ATP derived from oxidative phosphorylation, consistent with a similar finding reported for peripheral nerve terminals (Gover et al. 2004) . Glycolytic activity preferentially drives a number of plasma membrane ion transport systems, including the K ATP channel Lamp 1989, 1987) , the Na Representative trace shows the change in fluorescence (XF) normalized to the initial fluorescence intensity (F o ) of Mag-Fluo-4 (black) and X-Rhod-1 (blue) from a region
